Abstract-This paper describes a haptic interface that has a uniform response over the entire human tactile frequency range. Structural mechanics makes it very difficult to implement articulated mechanical systems that can transmit high frequency signals. Here, we separated the frequency range into two frequency bands. The lower band is within the first structural mode of the corresponding haptic device while the higher one can be transmitted accurately by a fast actuator operating from conservation of momentum, that is, without reaction forces to the ground. To couple the two systems, we adopted a channel separation approach akin to that employed in the design of acoustic reproduction systems. The two channels are recombined at the tip of the device to give a uniform frequency response from DC to one kHz. In terms of mechanical design, the high-frequency transducer was embedded inside the tip of the main stage so that during operation, the human operator has only to interact with a single finger interface. In order to exemplify the type of application that would benefit from this kind of interface, we applied it to the haptic exploration with microscopic scales objects which are known to behave with very fast dynamics. The novel haptic interface was bilaterally coupled with a micromanipulation platform to demonstrate its capabilities. Operators could feel interaction forces arising from contact as well as those resulting from Brownian motion and could manoeuvre a micro bead in the absence of vision.
INTRODUCTION
T HE human sense of touch is exquisitely sensitive to vibrations, and this over a significant band of frequencies reaching one kHz in healthy adult individuals [1] . Although the displacement detection threshold is function of numerous factors including finger temperature [2] , contact condition [3] , age [4] , perceptual learning [5] , hydration [6] , health, for a review see [7] , among numerous other factors, people remain through their lives extraordinarily sensitive to small oscillatory and transient mechanical perturbations, especially when applied to the hand. As a result, haptic interfaces ought to be able to transmit high frequency signals to the hand, lest the information that these signals contain be lost or tainted.
Problem Addressed
The transmission of high frequency movements is a longstanding problem in mechanical design. Owing to structural properties, any mechanical structure is subjected to an interplay between elastic properties and mass distribution. Although it is an infinite dimensional system, in a frequency band a mechanical structure may be characterized by a finite number of modes that are reflected in its spectral response to excitation. The presence of mechanical modes corresponding to resonances and anti-resonances are generally undesirable for accurate motion transmission. Thus, structural engineers usually restrict the range of transmission of frequencies from static loading to an upper limit set well below the first resonant or anti-resonant mode.
A simple thought experiment makes the problem at hand quite evident. Take a 15 cm-long, 5 mm-diameter rod made of carbon fiber composite, the lightest and strongest material available today. The first mode of such a cantilevered beam is already at about 300 Hz and will get lower if anything is attached to the extremity.
A well accepted design wisdom aimed at increasing the mechanical bandwidth of an articulated structure calls for using parallel kinematic arrangements since the actuators can be grounded. These arrangements must nevertheless include cantilevered segments to achieve mobility. The result is that is hardly possible to design system with first modes at frequencies higher than one kHz, unless these arrangements have very small workspaces. It is difficult to achieve a bandwidth greater than 300 Hz [8] and some high-end devices exhibit modes as low as 30 Hz [9] .
To overcome this problem we constructed a dual-stage haptic interface design that achieves a flat frequency response in the whole haptic range. Low frequency movements are transmitted by a conventional kinematic arrangement up to its first resonant mode. Above a few hundred Hertz vibratory amplitudes become small, falling below one millimeter. Thus, higher frequency oscillations can be reproduced by an inertia-based, ungrounded actuator at the tip operating on the basis of conservation of momentum. Using a crossover technique combined with dynamic modeling, identification, and frequency compensation, an overall flat response over the target range was achieved.
Previous Works
The literature on the design of haptic devices is abundant, so only some pertinent designs are mentioned here. The frequency response of a device, although it is a key factor of performance [14] , [15] , is rarely discussed, let alone measured, but a few numbers can be collected in the literature. These numbers are summarized in Table 1 , as they are claimed by the corresponding references, although the method of measurement is rarely specified as recommended in [14] in order to ensure a level playing field.
Dual-stage robotic design can be traced a long way back. The research work [16] proposed a macro/micro manipulator architecture to enhance dynamic performance, but it was mainly focused on overall stability, accuracy improvement, and cycle-time reduction. The coarse-fine approach [17] proposed a novel parallel coarse platform combined with maglev device to obtain both large workspace and desirable force capability. However, the evaluation of overall haptic bandwidth was absent. The Distributed MacroMini (DM 2 ) method described in the research work [18] suggested a straight-forward parallel control structure to partition the input control torques into low and high frequency components based upon low frequency base actuator's low pass filter characteristics. However, this approach strongly depends on the dynamics of actuators for channel separation and further control scheme must be established in order to achieve uniform response over desired bandwidth. Moreover, this method was not validated experimentally. Before us some authors proposed to augment devices with tip-mounted vibrotactile actuators as in [19] , but as far as we know, vibrotactile performance was the only factor which was tested. A single degree-of-freedom dual-stage device achieving a wide bandwidth was described in reference [20] , [21] with a small motor coupled to a large one via a viscous transmission with the primary objective to reduce the overall apparent inertia. This approach, although effective to simultaneously improve several factors of performance, does not lend itself easily to be extended to multiple degrees of freedom. This is because achieving extra degrees of freedom implies adding additional structure, which will increase the overall apparent inertia and degrade the performance such as transparency and bandwidth. Other researchers developed high frequency devices taking advantage of feedback to extend the mechanical bandwidth as in [22] . However, new design trade-offs arose between performance and the number of degrees of freedoms since the integration of multiple degrees-of-freedom reintroduces the issues related to the transmission of high-frequency movements.
In this paper, a new technique is proposed that aims to extend the bandwidth of haptic devices with uniform magnitude by the addition of a vibrotactile crossover. Commercial devices as well as homemade devices keep their full DOF and workspace while their frequency is extended at few cost. This technique is demonstrated here with a Pantograph and a ready-to-use vibrotactile device.
SYSTEM DESCRIPTION

Hardware
The haptic interface design proposed here is based on a dual-stage architecture comprising a proximal and a distal stage.
The proximal stage is a Pantograph haptic interface [8] , see Fig. 1a , which is based on a planar parallel mechanism with two actuated degrees-of-freedom. The closed chain structure with grounded motors, and a stiff, light-weight transmission design provide optimized dynamic performance. It was shown in [8] that the Pantograph is able to resolve 2D displacements of the order of 10 mm. Fig. 1 . System components and coupling scheme. The Pantograph (a) has a finger plate containing a vibrotactile actuator (b), oriented as indicated by the arrow. The finger plate also includes an accelerometer for monitoring. The coupling scheme is described by (c) [21] .
The distal stage is a vibration transducer, Fig. 1 (right), (Haptuator, Tactile Labs, Montr eal, Canada) operating on the principle of conservation of momentum as described in [23] . This device comprises an internal moving magnet guided axially with respect to the case and actuated by a Laplace force acting between the magnet and the case. This actuator is efficient for high frequency and transient haptic feedback.
To couple these two stages to the load (user finger), the scheme given in Fig. 1c is chosen among the several configurations described in [21] . Starting from the left, the Pantograph is grounded and coupled in series with the vibration transducer through an elastic element. In this part, the rectangular box and spring elements represent respectively the Pantograph's inertia and the elastic connection. Meanwhile, the vibration transducer, integrated inside the terminal assembly, is ungrounded and acts as an inertial actuator. Both stages are considered as a controllable source of force that acts on the last element of the scheme, the load. As a consequence of this arrangement, the Pantograph supplies the largest portion of rendered force covering low frequencies. While, the vibration transducer is responsible for transient effect covering high frequencies.
The finger plate also included a three-axis MEMS accelerometer (MMA7361L, Freescale Semiconductors, Austin, TX, USA) to measure the signal transmitted to the finger on scale of À6 g to þ6 g. This sensor was used for system identification and was essential for evaluating the performance of the whole interface. The device was interfaced to a computer via a signal acquisition hardware (DAQ PCIe 6,259, National Instruments, Austin, TX, USA). The computer hosted a real-time Linux (RTAI) environment running signal processing algorithms at a 10 kHz sampling rate.
Dynamic Modeling
For the system described above, a lumped parameter model of the system was developed, see Fig. 2 . This model highlights the fact that the mechanical coupling of the two channels is more complicated than a mere acoustic summation, like in a network of loudspeakers. The system has three components, namely the vibration transducer-the Haptuator-a direct mechanical transmission-the Pantograph-and the finger of the user. Dynamic modeling was considered along one single axis, x, around a nominal position in the central region of the Pantograph's workspace, because the apparent masses depend on configuration. The parameters of the system are listed in Table 2 .
The windings of the motors of the Pantograph apply a force, f, to the entire system via transmission shafts whose elasticity combines with those of the proximal links giving a combined elasticity parameter, k 1 . The Haptuator produces a Laplace force, denoted by f v which is applied to the terminal assembly in contact with the finger. The force applied to the mass of the suspended magnet is thus Àf v . The magnet itself is guided by membranes modeled by elasticity and damping. The total force applied to the terminal assembly of mass, m h , is thus the sum of the actions of the finger, the Haptuator's suspension, the Laplace force, and the distal links. All these effects can be collected in matrix form by,
where
The system inputs are the torques applied to the motors lumped into a single signal, the desired haptic image expressed in workspace, and the output is the acceleration of the terminal assembly, € x h , or equivalently, the superficial skin layers of the finger in contact with the terminal assembly. 
Crossover Design
The signal path begins with frequency separation by a filtering method borrowed from audio engineering known as a crossover. Crossovers can be optimally designed according to several criteria. A well-known crossover approach, widely applied to perform spectral partition, is the Linkwitz-Riley Filter. Such filters, constructed by cascading two Butterworth filters which have À3 dB gain at cut-off frequency, are therefore characterized by À6 dB gain at cut-off frequency. This means that compared to Butterworth crossover, it gives an overall amplitude response that is optimally flat and which is combined with good phase behavior [25] . Linkwitz-Riley filters are typically fourth order filters with slopes of 80 dB/decade. Fig. 3 depicts the information flow in the system with the two-way crossover. The manner in which the signals recombine is not evident and thus merits further investigation. The crossover filters separate the signal into two paths with different frequency contents. Two different mechanical components receive the signals and recombine them to transmit movement to the finger interface. The whole system thus should behave like an all-pass, unity filter, i.e., the magnitude must be faithful to that of the original haptic signal [26] . Fig. 4 shows the magnitude response of the Linkwitz-Riley fourth order crossover at pulsation, v c , defined as follows,
LðsÞ
Because the Pantograph and the Haptuator share an overlapping frequency band, the cut-off frequency was selected to be the highest that the Pantograph could allow in order to minimize the delay introduced by the filters. The cut-off frequency must be chosen to satisfy all-pass filter requirement. This was achieved through identification as discussed next.
Identification
Our objective was to design a crossover method to separate the low and high frequency regions of haptic spectrum. The crossover method, Fig. 3 , would be directly applicable insofar as the transducers could be assumed to have a flat response in their respective bands, which cannot be the case from the analysis of the previous section, see Fig. 2 . It is therefore necessary to identify the responses of each transducer and cascade them with compensating filters.
The response of the low-frequency channel (activated Pantograph; inactivated Haptuator) was identified by measuring the Power Spectral Density (PSD) response to pseudo-random binary sequence input. Seen from Fig. 5 , the original 300 Hz bandwidth [8] was reduced to 200 Hz in the present dual-stage arrangement, owing to the extra mass added at the tip.
The same method was applied to the high-frequency channel (inactivated Pantograph; activated Haptuator). This procedure was applicable as long as the system could be assumed to be linear and that the superposition principle applied. When coupled to the Pantograph, the Haptuator responds well to frequencies above 100 Hz and exhibits a smooth acceleration roll-off beyond 300 Hz. At high frequencies, one of our ongoing study suggests that human perception does not discriminate between directions of movement, so only one distal actuator was needed.
In the frequency band from DC to 200 Hz, the Pantograph had an acceptably uniform magnitude response. A first, nicely damped antiresonance is clearly visible after 200 Hz. It is accompanied by a damped resonance at 300 Hz. Another resonance-antiresonance pair is seem around 800 Hz, but this time with a sharp peak. This behavior is explained by the model of Fig. 2 with three masses connected by two damped springs [9] . Within the frequency band from DC to 200 Hz, the Pantograph may be identified as a static gain. Its transfer function is then approximated by
In the identification given with input signals only provided to the Haptuator, below 100 Hz the magnitude response (shown in dashed line) was not reliable since the 
In the previous section, the lumped parameter model gave rise to an eight-order model but the consideration of a limited frequency band in the low frequency channel made it possible to ignore the high frequency modes, reducing the model complexity to a second order system. It can be observed from Fig. 5 that because of the interplay of masses and elasticities, the high frequency channel begins to roll-off at 300 Hz. Thus, this channel must be compensated to achieve uniform magnitude. After analysis and identification, the scheme of Fig. 3 becomes that of Fig. 6 where, LðsÞ and HðsÞ are the Linkwitz-Riley filters, C L and C H the compensating filters, and G L and G H the high and low frequency transfer functions of the coupled system respectively.
Compensation
The cross-over method assumes that the different channels have a uniform response in their respective bands, but that was not the case here. The channels had to be frequency and amplitude compensated in their respective bands for the haptic display fidelity that the magnitude of the transmission should not depend on frequency. From Fig. 5 , it can be determined that the device had a sufficiently uniform magnitude response from DC to 200 Hz. Hence, the only required compensation was to regulate the gain as follows,
where K sys stands for the desired overall gain and G L 0 is the estimated signal gain of the low frequency channel. The high frequency channel had a non-uniform magnitude response from 200 Hz to 1 kHz. Compensation for this channel could in principle be achieved by inversion of the identified model (2) . Unfortunately, straightforward inversion would have resulted in a physically non-realisable filter with ever increasing magnitude in the high-frequencies. A simple solution was to perform a band-limited inversion according to
where F ðsÞ was a desired realizable response chosen here to be a second-order low-pass filter with a frequency roll-off starting at 1.0 kHz.
Experimental Evaluation
The real-time sampling rate was set to 10 kHz and the acceleration magnitude response was measured for each third of octave in the frequency range of interest (63, 80, 100 ; . . . ; 800, 1,000 Hz). The results for the two individual channels and for the combined system are shown in Fig. 7 . The system's response was indeed flat within a few dB from DC to 1,000 Hz.
INTERACTING WITH THE MICRO-WORLD
To exemplify a new class of haptic interaction applications enabled by wide frequency haptic interfaces, we set up a micro-manipulation system where the manual interface was bilaterally coupled with an optical tweezer system [27] . Optical tweezers enable the manipulation of dielectric microscopic objects by steering them optically through a very steep axis-symmetric light intensity gradient produced by a highly focused laser. Bilateral tele-manipulation was enabled by simultaneously detecting the interaction force with the medium and surrounding objects through highspeed detection of the deflection of the microscopic objects away from their equilibrium position.
These instruments are very sensitive since the detected displacements can be as low as those induced by the ambient Brownian agitation and interactions forces can be detected in the picoNewton or nanoNewton range [28] , [29] , [30] . The user interface can be seen in Fig. 8 . Here, we trapped a 3 mm bead in water and displaced it to move into contact with a larger fixed object. 
Available Sensory Information
In the entire haptic range from DC to one thousand Hertz, the various types of forces at play during the interaction with micro-beads could be experienced: thermal, viscous, and proximity Coulomb and Van der Vaals interaction forces. In particular, thermal and contact interactions have interesting high-frequency characteristics for bilateral haptic feedback.
When the trapped bead was in free space, as in Fig. 9a , thermal agitation was experienced. The thermal force is linked to the random collisions of the surrounding water molecules with the particle [27] . The following property is observed in accordance with the equipartition theorem at equilibrium:
Here xðtÞ is the trajectory of the particle in one dimension relative to the equilibrium position define by the center of the optical trap. m is its mass and 1=2k B T represent its thermal energy at an absolute temperature, T , and with k B the Boltzmann constant. The theory of Brownian motion describes the instantaneous motion of the bead in a harmonic optical trap potential by the Langevin equation [31] ,
given above in one dimension for simplicity. The Brownian interaction as a random force is necessary to obtain the equilibrium mention above. The stochastic process hðtÞ is introduced to render the effect of the collisions with molecules of the surrounding medium. The effect of this fluctuating force can be summarized by this stochastic variable verifying a Gaussian distribution and
The other forces counterbalance the Brownian diffusion and maintain the particle in the laser trap: the fluid friction with g 0 the fluid friction coefficient, and the harmonic force from the trap with k the trap stiffness.
Stokes's law for a spherical particle gives g 0 ¼ 6prnR, where r, n, and R are the fluid density, fluid kinematic viscosity, and sphere radius, respectively. The characteristic time for the loss of kinetic energy through friction, % 2:0 Â 10 À6 s, is three orders of magnitude shorter than our experimental time resolution so we can drop the inertial term and the governing equation becomes, _ xðtÞ þ 2pf c xðtÞ ¼ ð2DÞ 1=2 hðtÞ;
where the corner frequency of the damped optical trap (spring-damper system) is f c ¼ k=ð2pg 0 Þ and D ¼ k B T =g 0 is a diffusion constant. Then, the particle displacement about the axis of the trap and its derivatives, see Fig. 9c , obey the form of a Gaussian distribution, with a mean value equal to zero and a variance that depends on the temperature, the trap stiffness, the fluid viscosity and other possible constraints. Fig. 9e shows the experimental histogram of the distribution of many samples read from the accelerometer which was mounted on the haptic handle, that is, the signal actually experienced by the user. This signal, indeed exhibiting a characteristic Gaussian profile, is nothing but a magnified representation of the movements of the micro bead bombarded by thermally agitated water molecules. When the bead was moved around, a micro-collision occurred if an obstacle happened to be present in its path, Fig. 9b . This collision was felt as an acceleration spike that can be seen in Fig. 9d .
At the vicinity of this fixed obstacle, the apparent fluid viscosity increased [27] . As a result, the variance of Brownian-induced agitation decreased and the distribution of acceleration due to molecular impacts became dramatically sharper as can be observed in the data collected in Fig. 9f .
These two high-frequency phenomena are experienced as tactile sensations by the operator helping her(him) to anticipate and adjust her(his) movements.
Sensorimotor Manoeuvres in the Dark Micro World
In order to assess the usability of the system, we asked five volunteers to manoeuvre micro-beads without the benefit of vision. Their task was to move a micro-bread about until they felt it to collide with an obstacle. At this point they had to move away from the obstacle in a direction normal to the surface on the basis of what they felt in the hand. Inspection of Fig. 10 where five examples of trajectories are superposed onto a single image shows that the volunteers consistently succeeded at this task to a considerable degree. Trajectories that did not collide with any obstacle are not drawn in this figure. The ability to manipulate micro-objects when imaging is difficult shows considerable promise for many novel applications. Such as in [32] where objects are displayed under diffraction pattern or in [33] where target structures are too small to be resolved in the microscope image, effective haptics can be introduced to improve manipulation intuitiveness.
Preliminary Validation
In order to validate the dual-stage approach experimentally, a set of experiments was designed as follows. Eight people, three females and five males, aged from twenty to thirty, volunteered to perform a test. They had limited knowledge and experience in haptics. They were asked to manipulate optical tweezers to circle around a spherical obstacle. The only instruction they were given was to maintain contact as long as possible between manipulated bead and obstacle. Each volunteer performed three sessions, each containing ten experimental trials. Each session had a different device configuration: in the first one, manipulation was performed under pure visual feedback (camera display of the scene) without haptics (V); the second one with visual feedback and haptic feedback from the conventional Pantograph (P); and the third one with visual feedback and haptic feedback from the dual-stage interface (D). For simplicity, these three conditions will be abbreviated in the following text and figures as V, P, and D respectively. The session order was randomized, and the volunteers were not informed beforehand. Before the experiment, they were engaged in a training session of ten to fifteen minutes to get familiar with all three conditions. During each trial, if the manipulated bead escaped the laser trap due to volunteers' manipulation, e.g., too much force was exerted, or if the contact was not maintained for a significant portion of the trajectory ( > 50 percent), such manipulation would not be considered as successful and the related data were rejected.
Finally, the experiment was evaluated in terms of the number of successful trials, the average of the manipulation time per trial, the average force during trials, the average displacement error during trials. Results are plotted at the individual level in Fig. 11 and at the condition level in Fig. 12 . It can be seen from Fig. 12 that the condition visiononly (V) has the lowest success rate, the longest manipulation time, the largest average exerted force and the highest displacement error. This means that in general the conditions with visual and haptic feedback (P and D) have much better performance than the condition vision-only (V). These results are highlighted in Fig. 12 on the number of successful trials and the displacement error which have significant difference according to a one-way ANOVA analysis on our small population (where assumptions of normality are not satisfied [34] ).
The performance of the dual-stage device seems slightly better than the Pantograph in the tested configuration for maintaining an average force and minimizing the displacement error along the round trajectory. In Fig. 11d , it is interesting to note that the improvement due to the dual-stage device is consistent across the subjects on the mean displacement error. The statistical tests do not reveal high significance, but show the potential for an improvement on the displacement error by the dual-stage device (p-value ¼ 0:37, i.e., 63 percent probability of significant improvement) and motivate us for further investigation. This means that, when a task requires a low level of displacement error, the new device might be beneficial. A protocol that constrains user's strategy to minimize the displacement error could reveal this potential better than the present exploratory protocol. Further user studies should use this result in their experimental design and increase the tested population to study the gain on precision and accuracy due to the high-bandwidth haptic devices.
CONCLUSION AND FUTURE WORK
This paper presented an approach to extend the frequency response of ordinary force-feedback haptic interfaces. The method consists of setting up a parallel structure with lowfrequency and high-frequency channels by signal crossover separation and using the intrinsic mechanics of a vibrotactile transducer to recombine the two signals paths. The combination of the low-frequency channel with the highfrequency channel realized by a recoil-type ungrounded high-frequency actuator results in a very simple design. Individual compensators could be implemented in order to equalize the overall magnitude response in frequency domain over the frequencies of interest to human perception. A key advantage of our approach is to enable the use of conventional force feedback devices for applications where high bandwidth response is desired. In our experiments, this large bandwidth haptic device has been tested in complex situations with several users. However, this first validation needs to be continued and further studies must investigate experimental designs with more specific instructions that constrain better user's exploration strategies. The impact on the displacement error promises interesting results when the trajectory accuracy and precision is important for the tasks, like avoiding delicate samples or contaminating agents. By rendering high dynamical interaction, better control is expected during a complex task such as an exploration at the dimension of live cells.
In future work, we plan to investigate the issues of closed loop stability of such systems which are immediately amenable to a channel separation approach [35] . We plan to extend this technique to several other force-feedback haptic devices.
